The authors previously conducted thermogravimetric analyses on Zircaloy-2 in air. By using the thermogravimetric data, an oxidation model was constructed in this study so that it can be applied for the modeling of cladding degradation in spent fuel pool (SFP) severe accident condition. For its validation, oxidation tests of long cladding tube were conducted, and computational fluid dynamics analyses using the constructed oxidation model were proceeded to simulate the experiments. In the oxidation tests, high temperature thermal gradient along the cladding axis was applied and air flow rates in testing chamber were controlled to simulate hypothetical SFP accidents. The analytical outputs successfully reproduced the growth of oxide film and porous oxide layer on the claddings in oxidation tests, and validity of the oxidation model was proved. Influence of air flow rate for the oxidation behavior was thought negligible in the conditions investigated in this study.
Introduction
After the severe accidents in Fukushima Daiichi nuclear power plants (NPP) in 2011, concern for loss-of-cooling or lost-of-coolant severe accident in spent fuel pool (SFP) has been spotlighted [1, 2] .
The potentiality of a SFP severe accident drawn by aircraft attack on NPP had been noticed after the terrorism in US on September 11, 2001 , and research programs on the SFP accident with experiments using mock-up fuel bundles of boiling water reactor (BWR) and pressurized water reactor (PWR) were proceeded under international collaboration.
The heating experiments in air environment using mock-up bundles showed that the fuel claddings were drastically oxidized, and in this case the fuel bundles were collapsed [3] [4] [5] . Other international programs have been organized in Europe as well. Mock-up fuel bundle tests were conducted in assumption of air inlet for reactor pressure vessel which would occur in occasion of piping rupture in NPP during a severe accident. They reported that the cladding oxidation behavior was much more intense in steam/air mixture or in dry air compared to the oxidation in steam [6] [7] [8] .
Isothermal oxidation tests such as thermogravimetric (TG) analyses using short samples of cladding have provided the knowledge that oxidation rate increases in air compared to steam or in pure ox ygen (O 2 ) [9] [10] [11] [12] [13] [14] . Cross sectional observation of the specimens after oxidation test in air revealed that zirconium nitride (ZrN) was precipitated in porous oxide layers which were grown beneath fractures of dense oxide film on the sample surface [10] [11] [12] [13] [14] [15] . From this result, catalytic action of nitrogen (N 2 ) in air for the oxidation of zirconium (Zr) alloy was suggested, and it was thought that it occurred in connection with O 2 starvation in the narrow space beneath oxide film fracture at the meatal-oxide interface [10] .
There have been a limited number of reports on cladding oxidation in air from Japan [16] [17] [18] . These previous studies were not conducted for the purpose of SFP accident research, and the published experimental data are thought to be not applicable for the SFP accident evaluation. Detailed investigation on hypothetical SFP accidents is required for the development of safety measures, therefore improvement of severe accident codes by embedding a cladding oxidation model in SFP accident conditions is thought to be important.
The Argonne National Laboratory (ANL) in US and the Institut de Radioprotection et de Sûreté Nucléaire (IRSN) in France have
proposed oxidation models for cladding in air environment [9, 19] . In addition, simulations using severe accident codes which were modified by introducing these oxidation models have been conducted to calculate the oxidation behavior of mock-up fuel bundles in heating tests in air environment [3, 8, [20] [21] . These oxidation models were constructed for claddings made of alloys such as Zircaloy-4 (Zry4), ZIRLO T M , and M5 ® , while there were only few reports on the oxidation behavior of Zircaloy-2 (Zry2) in air, even though this alloy is widely utilized in
BWRs [22, 23] .
The authors have previously conducted isothermal oxidation tests in air on short samples of Zry2 cladding by using TG analysis apparatus, and reported in detail the oxidation behavior [24] [25] [26] . In this work, a model for Zry2 oxidation in air environment was constructed by using these basic data. The constructed oxidation model was applied for simulation of oxidation tests using long cladding tubes of Zry2 in hypothetical SFP accident conditions. The agreement between the calculations and the results of experiments was evaluated to validate the oxidation model. In addition, the influence of air flow rate on oxidation behavior was investigated.
Experimental

Specimen
Zry2 cladding typically utilized in BWRs was applied for oxidation tests in this work [27] . Table 1 shows the chemical compositions of the material. The Zry2 cladding is a tube of 11.2 mm in outer diameter and 0.7 mm in thickness. The cladding was cut into 500 mm in length, and a plug was welded to close the one end of a portion of the cladding. The plug was 5 mm in length and 11.2 mm in diameter. The
Zr liner on inner surface of the Zry2 cladding was removed before TG analyses in previous works [24] [25] [26] , but on the contrary, it was not removed in this work because the cladding sample was closed by the plug and thus the inner surface was not oxidized in the oxidation tests.
Oxidation tests
Oxidation tests on long cladding samples b y applying high temperature thermal gradient along the axial direction were conducted by using the system illustrated in Fig. 1 . Dry air was heated by using a gas heater up to 340 °C before it was introduced into the quartz chamber at a constant flow rate of 1840 mℓ/min and 310 mℓ/min, respectively. Air was exhausted from the upper end of the quartz chamber. The upper part of the cladding sample was heated by using an infrared gold image furnace, and the lower part was heated by using two heating mantles to
give an aimed temperature distribution. Temperature was measured by using five thermocouples which were spot-welded on the surface of the sample at 10, 90, 170, 270, 450 mm from the upper end of cladding sample. The power control of the infrared gold image furnace is based on temperature data measured by using the thermocouple welded at 90mm from the upper end of cladding sample. The power of the heating mantles was constantly set maximum through the experiment to keep the temperature of the lower part of cladding at ca. 400 °C. A typical temperature profile during an oxidation test is given in Fig. 2 . The temperature profile was controlled in the same way in the oxidation tests at high and low air flow rate condition. In the pre-heating regime, the whole sample was heated up to about 400 °C. After this regime, the power of the infrared gold image furnace was increased to give a high temperature gradient, in which the highest temperature was set to 900 °C or 1000 °C at the position of 90 mm from the upper end, and the lowest temperature was set to 400 °C at the position of 450 mm from the upper end of the sample. The temperature gradient was kept the same for 3600 s, then all heaters were turned off and spontaneously cooled down to the room temperature. The air flow rate was kept constant throughout one oxidation test procedure.
The authors previously conducted steady state analyses on hypothetical SFP accident, in which all cooling water was assumed to be lost. A 7x10 B-SUS rack containing uranium fuels which were cooled-off for 2 months after the utilization in BWR was modeled in the calculation [28] . The analytical results were referred when testing conditions were determined in this work; however the temperature gradient was set steeper in the tests so that its influence on the oxidation behavior would appear apparent for the evaluation. The air flow rates in the oxidation tests were defined based on the simulation results of the air flow rate in the spent fuel rack. Figure 4 gives the calculated velocity distribution of the air flow along the axis of the fuel rack at the center of the fuel rack and at the corner of the fuel rack [28] . 
Post-test investigations
Detailed observation of the specimen surface after the oxidation tests was conducted by using a field emission scanning electron microscope (FE-SEM) "Sigma", produced by "Carl Zeiss AG". After the surface observation, specimens were embedded in resin, and cut along the circumferential direction of the cladding. The cross section was polished by using emery paper in different grit sizes and finally finished with an emery paper with a grit size of ca. 3.0+0.5 micrometer, which corresponds to number 4000 in Japan industrial standards (J IS) [29] , then observed by using optical microscope and FE-SEM. The composition of the oxide layer was analyzed by using a laser Raman spectrometer "NRS-3100" produced by "JASCO", and an Energy Dispersive Spectroscopy (EDS) analysis system "X-Max N " produced by "Oxford
Instruments" which was installed in the FE-SEM. For the laser Raman analyses, the authors referred literature data on Raman spectra obtained in analyses on standard samples or on oxide layers on Zr alloys which were oxidized in air [25, [30] [31] .
3. CFD analysis
Modeling of the oxidation test
Computational fluid dynamics (CFD) analyses on the oxidation tests on long cladding samples were conducted by using a commercial code; STAR-CCM+ ® (ver.10.04) 1 . For the analyses, the unsteady implicit method was adopted [32] . Figure 4 shows the analytical model for the CFD analysis. A two dimensional 1/24 sector model was used to simulate the test apparatus with the assumption that it is axisymmetric. The total number of the analytical cells was ca. 60000. The air inlet in the actual apparatus was a pipe of 4mm inside diameter, which was installed at the bottom of the chamber. In the axisymmetric model, the air inlet was modeled as a concentric ring slit which was fixed at the bottom of the chamber. The distance from the axis of the model to the ring slit was fixed as the same as the distance from the axial center of the actual apparatus to the air inlet pipe. The inlet air flow rate in the simulation was set as the same as the experimental condition. The air outlet of the actual chamber had a complicated structure with flange and pipes, but it was simply modeled for the simulation as it can be seen in Fig.4 . In this case, the air flowed 1 STAR-CCM+ ® is trademark of CD-adapco in the USA or other countries.
out from a hole on the top of the chamber. Preliminary calculation confirmed that this simplification of air inlet and outlet had no influence on the air flow behavior around the cladding sample. In addition, the upper end of the cladding sample was not modeled as it is closed by the plug. Accordingly, the oxidation model was not applied on the inner surface of the cladding to avoid oxidation. In the preliminary calculation, it was indicated that air did not flow into the cladding tube through the open upper end; therefore the influence of this simplification in modeling on the oxidation behavior calculation was thought to be negligible. The temperature distribution measured along the cladding surface in the preliminary oxidation test with the highest temperature of 900°C was used as a boundary condition. The other boundary conditions are summarized in Table 3 .
Oxidation model for CFD analysis
In CFD analyses on the oxidation behavior of claddings, the chemical reaction of Zr + O 2 → ZrO 2 was applied. The chemical energy of the oxidation reaction (e.g. -1100.6 kJ/mol at 298.15 K) was taken into account in the calculation. Lasserre et al. proposed a detailed modelling of Zry4 accelerated degradation kinetics, however in consideration of the necessary calculation time for the severe accident code, simple modelling was thought preferable [33, 34] . The authors adopted basic equations for oxidation model which were previously proposed by Coindreau et al. for Zircaloy-4 (Zry4) in the temperature range between 600 and 1000 °C [19] . Necessary coefficients for the equation were calculated from the isothermal TG data which were previously obtained on Zry2 in high air flow rate oxidation tests by the authors [24] [25] [26] . In this case the applicability of the equation for Zry2 was confirmed by detailed investigation of the TG data. An influence of the air flow rate on the oxidation behavior was not observed below 1000 °C in the range of the flow rate (144 and 24 mℓ/min) applied in the TG analyses by the authors [26] . These air flow rates gave 0.0162 and The authors previously conducted the TG analyses on Zry2 sample 20 mm in length at air flow rate 250 mℓ/min, and reported that oxidation kinetics were not different from that at air flow rate 144 mℓ/min when oxidation tests were conducted below 1000 °C [26] . Therefore the oxidation model construction in this work was exclusively conducted by using the TG data obtained at high air flow rate (144 mℓ/min).
It is known that during the initial Zr alloy oxidation in air, a dense oxide film grows on the alloy and the oxidation rate decreases [9] [10] [11] 19 ]. This phase is called pre-breakaway or pre-transition phase.
In this work, parabolic rate kinetics which can be calculated by using the following equation proposed in the literatures was applied for this phase applied accelerated rate kinetics for this post-breakaway or post-transition regime, respectively [9, 14, 19] . In this work, applicability of these kinetics were investigated for the TG data on Zry2 oxidation in air which were previously obtained by the authors [26] . Figure 5 shows the examples of the plot of TG mass gain data converted by using the equations of the different kinetics in post-breakaway phase of Zry2 oxidation at air flow rate 144 mℓ/min, at 900 °C. In this
post-breakaway or post-transition phase, accelerated rate constant which can be calculated by using the following equation was thought most adequate to be applied;
where k a is the accelerated rate constant (g 0 . 5 /m/s).
Temperature dependence of the rate constants are described by using the following equations;
where R is the perfect gas constant 8.31 J/mol/K and T is temperature 
corresponds to A 1 / B , and D corresponds to 1/B in the previous paper by Coindreau et al. [19] . The unit of A is J/mol, and B is a dimensionless number. Detail of this equation is described in the literature [19] . The mass gains at the breakaway transition in the oxidation tests on Zry2 are plotted against the function of temperature in Fig. 6 . The values of C, D
were obtained by linear fitting of the data points of this graph.
In the oxidation model of Coindreau et al., the oxidation rate after breakaway transition was presumed to continue increasing until total oxidation of the sample at 800 °C and at higher temperatures.
Below 800 °C, the oxidation rate after breakaway transition was assumed to increase up to a certain value and then become constant. In this case, the oxidation rate in this final part can be described as linear rate constant (k l ), and it is presumed that oxidation would continue in this rate until total oxidation of the sample. The authors had confirmed this tendency in the previous TG analyses on Zry2 oxidation in air [22, [24] [25] [26] . where A 3 , B 3 are coefficients obtained by the investigation of ex perimental data [22] . Table 4 summarizes the coefficients determined for the equations of mass gain at the breakaway transition (C, D) were similar [19] . In the
layer in the oxidation tests on Zry2 in air environment, these equations and coefficients in the table were applied.
Results
Observation of the oxidized claddings
As it was shown in Fig.2 , the whole cladding sample had been preliminary heated up to ca. 400 °C in air atmosphere in the first stage (~4000 s) of the oxidation tests before it was heated up to the aimed testing temperature. This procedure was adopted because the heating rate of the heating mantle was relatively slower than of the infrared gold image furnace. Due to this reason, it was necessary to turn on the heating mantles earlier so that lower part of the sample could be sufficiently heated. To evaluate the influence of this spare heating stage on the growth of oxide layer, pilot samples were applied for preliminary heating tests. In the preliminary heating tests, only the first stage of the heating procedure was conducted for ca. 4000 s. After these tests, the pilot samples were cooled down to room temperature and used for examinations. These experiments were conducted in high air flow rate as well as in low air flow rate, and it was revealed that surface of the cladding samples turned black in the both air flow rate conditions after the tests. In cross sectional observation of these samples, the oxide layer was not distinguished in optical microscopy, therefore the thickness of the oxide layer was thought to be thinner than 1 micrometer.
After the above mentioned preliminary tests, oxidation tests were conducted by applying the whole temperature profile as it was shown in Fig. 2 . In this case high temperature thermal gradients with the maximum temperature of 900 °C or 1000 °C was applied on the sample and kept for 3600 s. Oxidation tests with the maximum temperature of 900 °C were successful one time for each high and low air flow rate
condition. An oxidation test with the maximum temperature of 1000 °C was successful for high air flow rate condition, while it was not successful for low air flow rate condition because a thermocouple which was used for furnace power control was detached during the test. After the oxidation tests, surface observation was conducted on the samples. Figure 8 shows the upper part of the samples which includes the region 0~200 mm from the upper end. Figure 8 (a) shows the sample tested in high air flow rate, and Fig.8 (b) shows the sample tested in low air flow rate. Both of these were tested with the maximum temperature of 900 °C. Moreover heat during the welding process may have influenced the metallurgy, and caused different oxidation behavior. These areas near the plugs and thermocouples were considered non-prototypical, and therefore excluded in the oxide layer evaluation.
In the region farther than 200 mm from the upper end of cladding, the test temperature was set relatively lower. In this case the sample surface was totally covered by black oxide film, except at the positions on which thermocouples were welded. Figure 8 shows the region including the upper end of the cladding samples where the test temperature was higher. In the region ca. 50~200 mm from the upper end, which can be seen in the center of Fig.8 , beige spots were observed. The temperature of this area was kept higher than approximately 800 °C during the oxidation test. Figure 9 shows a FE-SEM image taken at the position ca. 140 mm from the upper end of the sample which was tested in high air flow rate with the maximum temperature of 900 °C. Fractures in the oxide film were observed where beige spots were seen.
Cross sectional observation using the optical microscope was conducted after the samples were cut vertically to the axis of the cladding. The observation was done at different positions to evaluate the dependence of the oxide layer growth on position and on temperature. Figure 11 shows typical spectra which were obtained on the cross section of oxide layer on the cladding sample after oxidation test in air. After the comparison with the literature data, it was revealed that these were the spectra from the ZrN and m-ZrO 2 [15, [30] [31] . As it is indicated in Fig.10 the dense oxide film on the surface is m-ZrO 2 , and particles dispersed in the porous oxide layer near the metal-oxide interface were judged to be ZrN. FE-SEM observation and EDS analysis were conducted in the area marked by white solid lines in Fig. 10 . Qualitative results are presented in Fig. 12 .
The ox ygen concentration increased in the oxides, and nitrogen concentration was indicated higher in the particles which were judged to be ZrN in the laser Raman spectroscopy.
Oxide layer growth in experiment and modeling
In the oxidation tests, the power of the infrared gold image furnace was increased after the preliminary heating stage, and thermal gradients such as presented in Fig. 13 (a) were applied on the cladding sample and kept for 3600 s. After this high temperature stage, the cladding sample was spontaneously cooled off to room temperature.
Plotted temperature values in Fig. 13(a) are the average temperatures in the high temperature holding stage for the duration of 3600 s in the tests with the maximum temperature of 1000 °C in high air flow rate condition, and that with the maximum temperature of 900 °C in high and low air flow rate conditions. In this graph, the temperature distribution which was given as a boundary condition for the CFD analyses is presented as well. This thermal gradient was determined based on the measured temperatures in the preliminary tests. There was no obvious difference of temperature distribution seen in high and low air flow rates in the preliminary tests, therefore the same thermal gradient was input for the simulations of oxidation tests in different air flow rates. CFD analyses gave the mass gain in the oxidation calculation, therefore the oxide density value was applied to convert the mass gain to the oxide thickness [36] . The measurements were conducted on the circumferential cross sections of the claddings after oxidation test. Almost uniform thickness was seen for the dense oxide film on the same cross section, therefore in this case mean thickness on each cross section was plotted.
Otherwise, the thickness of the porous oxide layer varied even if it is at the same cross section, therefore the maximum thickness on each circumferential cross section was plotted. In the CFD analyses, high and low air flow rates were treated but the same oxidation model was adopted for the different flow rates, therefore calculation of the oxide layer growth provided the same result for the different air flow rate conditions. This is the reason why only one CFD analysis result is shown in Fig. 13(b) .
For the region of cladding sample which is closer than 200 mm from the upper end, the temperature was set relatively higher during the oxidation tests. Both dense oxide film and porous oxide layer were observed in this part, and CFD calculation results of the oxide layer thickness was close to the maximum thickness of the porous oxide layer.
In the region farther than 200 mm from the upper end of the cladding sample, the oxidation temperature was relatively lower, and only dense oxide films were observed. In this case, the modeling calculated the oxide thickness close to the mean thickness of the dense oxide film. In and help porous oxide layer to grow [37] . Repetition of this process and increasing affected surface can be considered as the mechanism of accelerated oxidation behavior in the post-breakaway transition regime in high temperature oxidation of Zry2 in air.
Reproducibility of the oxide layer growth
TG data were used in this study to construct the oxidation model,
and TG data such as oxidation rates are the macroscopic data which are based on the measurement of the mass gain of the sample. In spite of this, the oxidation model developed in this work successfully reproduced not only the mean thickness of the dense oxide film, but also the maximum thickness of the porous oxide layer which were observed in the experiments. Details of the correspondence between TG data and oxide layer growth are discussed in this section.
The authors previously conducted the TG oxidation tests on Zry4
short samples at 900 °C in high air flow rate which corresponds to the high air flow rate in this work [26] . Several test durations were adopted in the experiments, and in the cross sectional observation after the oxidation tests, cross sectional area of the oxide layers were measured on the photos. These data were used together with the density value of the m-ZrO 2 in a literature [37] , to calculate the mass gain derived from the observed growth of oxide layer in different duration of the oxidation tests. Results of the calculation were compared with the mass gain data provided by the TG analyses. The mass gain evaluated on the photos well corresponded with the TG data, and revealed that the TG mass gain data during pre-breakaway regime corresponded to the mass gain derived from the growth of the dense oxide film. In addition, the TG mass gain data during the post-breakaway regime corresponded to the mass gain derived from the growth of the porous oxide layer. In the post-breakaway regime, growth of dense oxide film was not observed.
This correspondence between TG data and the growth of the oxide layers are thought to be the origin of the successful CFD analyses of the oxide layer growth which were conducted by using the oxidation model based on TG data. Randomness and porosity of the porous oxides formed during the post breakaway phase were not taken into account when the calculated mass gain in CFD was converted into oxide thickness.
Therefore the calculated thickness was expected to correspond to the average thickness of the oxide layer, however it corresponded to the maximum thickness. To define the reason of this correspondence, further detailed study considering the randomness and porosity of the oxide layer is thought necessary. In addition, it was seen that a thermal gradient along the cladding axis did not bring any problematic discrepancy between the results of experiment and simulation.
The successful reproduction of the oxide layer confirmed the applicability of the oxidation model for the simulation of oxidation behavior of Zry2 long cladding in hypothetical SFP accident condition.
Further mock-up tests simulating the SFP accident condition are thought necessary to validate its general applicability, but the proposed Zry2 oxidation model is thought useful as a preliminary model for the severe accident code upgrade for the SFP accident analyses.
Oxidation behavior and air flow rate
In this work, oxidation tests on Zry2 cladding were conducted in two different air flow rates (called high and low) which were settled to simulate the hypothetical SFP accident condition. Cross sectional observations were conducted after the oxidation tests, and revealed that influence of air flow rate on the oxide layer growth and its morphology was negligible. These results correspond to the TG analysis results in the isothermal condition below 1000 °C [26] . Therefore it can be evaluated that difference of the air flow rate has no influence on the oxidation behavior of Zry2 in the range which was treated in this study.
The authors previously conducted isothermal oxidation tests on Zry2 in the temperature range higher than 1100 °C [26] . In these experiments, the oxidation rate was increased depending on the air flow rate. These experiments were conducted in the same air flow rate range which was applied in this work. Literatures suggested that the air flow rate may have a strong influence on the oxidation behavior of the Zry4 [10, 35] . If the level of air flow rates were compared in consideration of the available ox ygen quantity on the specimen surface per second, the air flow rate conditions in these literatures were generally higher than which applied in our work in consideration of the SFP accidents. Duriez Oxidation tests in this paper were conducted by using cladding samples 500 mm in length, whereas the actual spent fuel rack is more than 4000 mm in length. Therefore lowering of the ox ygen concentration will become more severe in the actual rack than in the oxidation test Oxidation tests in this study were conducted in dry air, meanwhile in a previous report it was presented that sometimes oxidation rate increased in a mixed atmosphere of steam and N 2 compared to dry air according to the effect of hydrogen [38] [39] [40] . It can be assumed that in some case, atmosphere in the spent fuel rack during SFP accident would contain both steam and air, therefore the influence of the mixed atmosphere of steam and air is recommended to investigate.
Conclusions
In this work, an oxidation model of Zry2 was constructed based on TG data, with the aim of applying it for SFP accident analysis. High temperature oxidation tests on Zry2 cladding sample 500 mm in length were conducted in hypothetical SFP accident conditions in high and low air flow rates. CFD analyses on the oxidation tests were done by using the constructed oxidation model. Results of the oxidation tests and the CFD analyses were compared to validate the oxidation model. Finally, the following outcomes were obtained:
(1) In the oxidation tests applying high temperature with thermal gradient on long cladding samples in air for 3600 s, a black oxide film was formed on the surface. This oxide film was sound on the part in which lower temperature was applied, whereas fractures of the oxide film were seen in the area heated up to the temperature higher than 800 °C. In this case porous oxide layers containing ZrN particles were observed beneath the fractures. The influence of the air flow rate on the oxidation behavior was not clearly seen in the range which was treated in this study to simulate SFP accident.
(2) CFD analyses using the oxidation model which were constructed in this work, were conducted to simulate the oxide layer growth in the oxidation tests on long Zry2 cladding samples. In case of surface oxide film was sound, the simulation reproduced the mean thickness of the oxide film. In the meantime, the simulation reproduced the maximum thickness of the porous oxide layers when these were formed beneath the fracture of the surface oxide film. From these results, the oxidation model was validated, and proved that it is applicable for the Zry2 cladding oxidation in hypothetical SFP accident conditions. 
